Abstract: Basic idea of this analysis is to achieve a two-component dark matter (DM) framework composed of a scalar and a fermion, with non-negligible DM-DM interaction contributing to thermal freeze out (hence relic density), but hiding them from direct detection bounds. We therefore augment the Standard Model (SM) with a scalar singlet (S) and three vectorlike fermions: two singlets (χ 1 , χ 2 ) and a doublet (N ). Stability of the two DM components is achieved by a discrete Z 2 × Z 2 symmetry, under which the additional fields transform suitably. Fermion fields having same Z 2 × Z 2 charge (N, χ 1 in the model) mix after electroweak symmetry breaking (EWSB) and the lightest component becomes one of the DM candidates, while scalar singlet S is the other DM component connected to visible sector by Higgs portal coupling. The heavy fermion (χ 2 ) plays the role of mediator to connect the two DM candidates through Yukawa interaction. This opens up a large parameter space for the heavier DM component through DM-DM conversion. Hadronically quiet dilepton signature, arising from the fermion dark sector, can be observed at Large Hadron Collider (LHC) aided by the presence of a lighter scalar DM component, satisfying relic density and direct search bounds through DM-DM conversion.
Introduction
Observation of galactic rotation curves [1, 2] , gravitational lensing and anisotropies in cosmic microwave background [3] collectively hint towards the existence of a cosmologically stable dark matter (DM) component in the the present Universe [4] . However, there is no such particle candidate exist within the standard model (SM), which can behave as DM. Hence physics beyond the SM is inevitable. Hitherto the only information known about DM is its relic abundance and is precisely determined by Wilkinson Microwave Anisotropy Probe (WMAP) [5] and PLANCK [6] to be Ω DM h 2 = 0.1161 ± 0.0028. Apart from this, we don't have any other information about DM, such as its mass, spin, interaction etc. As a result, the nature of DM being a scalar, a fermion, or a vector boson or an admixture of them can not be avoided. In addition to gravity, if the DM is weakly interacting to visible sector, then it can thermalise in the early Universe at a temperature above its mass scale. As the Universe cools down due to Hubble expansion, the DM freezes-out from the thermal plasma at a temperature below its mass scale and gets redshifted since then. It is miraculous that the observed DM abundance implies to thermal freeze-out cross-section of DM: σ|v| ≈ 10 −36 cm 2 , of typical weak interaction strength and therefore it is largely believed that the DM is a weakly interacting massive particle (WIMP) [7] .
However, the WIMP paradigm suffers from a serious threat due to the non-observation of DM in direct search experiments. In fact, in a few years from now the DM-nucleon cross-section measured at direct search experiments may hit the neutrino floor [8] , where neutrino-nucleon cross-section will be a huge background for DM detection. The main problem in a WIMP paradigm is that the interactions which lead to the freeze-out of DM in the early Universe, also yields DM-nucleon cross-section in direct search experiments in the present epoch, such as LUX [9] , XENON [10, 11] , PANDA [12] etc. The same is true for non-observation of DM in collider searches as well. The only difference for a WIMP of ∼ 100 GeV is that the production of DM at collider is suppressed (with no electromagnetic or strong interactions with SM), so that non-observation of DM in collider provides less constraint than those of direct searches at terrestrial laboratories.
Multipartite DM frameworks [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] can provide a cushion to the tension of WIMP like particles to satisfy simultaneously relic density and direct search constraints. This is essentially due to some processes which can still contribute to the depletion of DM number density for thermal freeze-out, but do not contribute to direct search cross-sections. The main two contributions of such kind can arise from: (i) Co-annihilation of DM with a heavier particle, which can not be produced in direct search for kinematic suppression [20, 30] or (ii) DM-DM interactions, where the heavier DM component can annihilate to the lighter one to yield thermal relic, but do not contribute to direct searches of DM [19, 20] .
Our paper investigates one of the simplest of such cases, where we assume the presence of two DM components: one scalar (S) and a fermion (N 1 ). While both DMs have been studied as individual components [20, [31] [32] [33] , we study the interplay of DM-DM interactions when they are present together. In order to enhance such interactions, we insert an additional singlet fermion field (χ 2 ), which works as a mediator and carries the interaction through a Yukawa term. We thereafter demonstrate that a large parameter space becomes available to each DM components, whichever is heavy, saved from direct search bound thanks to enhanced DM-DM interactions. The lighter DM component however, has the fate similar to that of a single component case, particularly when direct search is concerned. This shows that scalar DM can only be present in the vicinity of Higgs resonance (m S ∼ m h /2) when it is lighter than fermion DM. The presence of an additional heavy scalar (S H ) in the model can however yield a larger parameter space for the scalar DM (even when it is lighter than fermion DM). Efforts have already been made to accommodate scalar and fermion DM together in a single framework [20, 30] , but most often the role of DM-DM interactions has been subdued and the outcome is predictive and severely constrained.
Collider signatures of both the DM components have also been addressed before (see for example, [34, 35] ). Unfortunately, it turns out that neither the scalar nor the fermion DM (in their single component realisation) has a possibility of producing signal excess over SM background in near future run of Large Hadron Collider (LHC) 1 , while satisfying relic density and direct search constraints. We however demonstrate here, the presence of a lighter scalar DM component helps in identifying hadronically quiet dilepton signal (a characteristic signature for the charged lepton components present in the fermion dark sector) at LHC, which was otherwise impossible due to unsurpassable SM background contribution. This is accessible due to the freedom of utilising a larger missing energy cut, resulting from a larger allowed mass difference between the fermion DM and its charge companions, thanks to the presence of a lighter DM component and non-negligible DM-DM interactions in the set up to satisfy relic density and direct search bounds.
The paper is organised as follows. We first introduce the model framework (in Section 2). After reviewing relic density and direct search constraints on the individual DM components for single component frameworks (in Section 3), we discuss in details the case of two-component set up poised with DM-DM conversion (in Section 4). We also point out to the possibilities of having an additional heavy scalar in the framework (in Section 5). We then elucidate signatures of fermion dark sector at LHC accessible through two component set up (in Section 6). Finally we summarise and conclude (in Section 7). Some illustrative features of fermion DM, Higgs invisible decay and Z invisible decay constraints on the model are detailed in Appendices A, B and C respectively.
The Model
The model addressed here, accommodates two single component DM frameworks together: (i) a real scalar singlet DM (S), connected to SM through Higgs portal [20, 31, 32, 36] and (ii) a fermion DM arising out of the admixture of vectorlike fermion (VF) doublet, N = N 0 N − T and a vectorlike fermion singlet χ 1 [33, 34, 37] , where lightest component becomes a DM. Stability of a single DM can be ensured by an additional discrete Z 2 symmetry, under which the DM transforms nontrivially. However, when two DMs are present together, the stability of both components can be ensured by enhancing the symmetry to Z 2 × Z 2 , where two DMs transform differently under the symmetry as we will illustrate shortly. Two-component DM frameworks are naturally disfavoured from direct search as each DM component acquires smaller relic density resulting enhanced annihilation cross-section to SM for freeze out. This enhances direct search cross-sections for both the DM components (resulting from same interaction vertices). This is the reason that most of the existing scalar-fermion DM scenarios have been severely discarded by stringent direct search limits [14, 17] . However, DM-DM interactions may come to rescue as the freeze-out of the heavier component will then be additionally driven by its annihilation to lighter DM component, which do not contribute to direct search cross-section of that component. In order to enhance such interplay, we have introduced an additional vectorlike singlet fermion χ 2 , which behaves like a messenger between the two DM components. The interaction between the two DM components and their individual connection to the visible sector (SM) are shown by a schematic diagram in Fig. 1 
Dark Fields
In Table 1 , we note that N and χ 1 have similar Z 2 × Z 2 charges. Hence they mix with each other after the SM Higgs acquires a vacuum expectation value (vev), while the other fermion χ 2 does not. The lightest of such singlet-doublet admixture can be one fermion DM component of this model. The scalar singlet S also have different charge assignment from that of all the other fermion fields, allowing it to be stabilized to form another DM component. The key feature of this model is the possibility of writing a Yukawa interaction between χ 1 , χ 2 , and S by the assigned Z 2 × Z 2 charges, which adds to the possible DM-DM interactions as we explain below. This particular feature segregates this model from earlier attempts of two component scalar-fermion DM set-up like in [14, 17] , where DM-DM interactions were small, so the model becomes strongly constrained by direct search or from the case where fermion DM doesn't have an interaction with visible sector (excepting at the loop level) to credit a large share of relic density to it and thus constraining the model to a particular possibility.
Let us now describe the Lagrangian for the model, which can be segregated into three parts, constituting the vector like fermion sector, scalar sector and the interaction between the fermion and scalar sector as follows:
where,
2)
and
There are two Yukawa interactions present in this model. We will focus on the first in Eqn. 5) where in the last step, the unphysical basis, χ 1 N 0 T is related to physical basis,
through the following unitary transformation: 6) where the mixing angle
The mass eigenvalues of the physical states N 1 and N 2 , for small sin θ (sin θ → 0) limit, can be expressed as:
Here we have considered
Therefore N 1 becomes the stable DM candidate (with a small kinematic caveat as we discuss shortly). Using Eqn. 2.7, one can find:
where ∆m = m N 2 − m N 1 is the mass difference between the two mass eigenstates and m N is the mass of electrically charged component of vectorlike fermion doublet N − . This serves as an important parameter for the phenomenology of the model as we illustrate. Note again that due to a different Z 2 × Z 2 charge, χ 2 do not mix with N and χ 1 . Vector like fermion DM has gauge interactions to SM due to the inclusion of doublet in the model. Expanding the covariant derivative in L V F , one can find:
where g = e 0 / sin θ W and g = e 0 / cos θ W with e 0 being the electromagnetic coupling constant and θ W being the Weinberg angle. One can therefore express the gauge and the Yukawa interactions of L V F in mass basis of N 1 and N 2 as:
Let us now focus into the other Yukawa interaction between different DM particles as introduced in L V F +Scalar (Eqn. 2.4). In the physical basis it reads:
The scalar field S do not acquire any vev and thus retains the Z 2 ×Z 2 symmetry intact and is eligible as a possible DM candidate of the model. The interaction terms involving S of L Scalar after EWSB turns out to be:
Following L Scalar (Eqn. 2.3), the full scalar potential including SM Higgs can be written as:
(2.14)
It is important now to identify the key parameters of the model which control relevant phenomenology of the model. Mainly six independent parameters do the job including two DM masses, mass of the mediator, mixing angle of singlet-doublet fermion, Yukawa coupling denoting DM-DM interactions and the Higgs portal coupling of the scalar DM:
Constraints on the model parameters
Before evaluating the constraints on the model parameters given in Eqn. 2.15, from DM and collider analysis, we would like to go through the constraints coming from stability of the potential, perturbativity of the parameters and invisible decay widths of Z and H to determine the broad parameter space available for our numerical scan.
• Stability of potential: For the tree-level vacuum stability of the scalar potential as in Eqn. (2.14), one requires to satisfy the following co-positivity conditions [38] :
This essentially means, we satisfy the constraints if we assume λ H , λ S , λ SH ≥ 0 throughout the scan.
• Perturbativity: The upper limit of perturbativity bound on quartic and Yukawa couplings of the model are given by,
• Invisible decay width of Higgs : Invisible Higgs decay width puts strong constraints on light DM having masses < m h /2 if they are connected through Higgs portal, as we have in the model. Current bound from LHC on Higgs invisible branching fraction is given by [39] :
Details have been furnished in Appendix B.
• Invisible decay width of Z : Z boson can decay to DM with m DM < M Z /2, whenever the DM has a weak charge as is the case for the fermion DM component of the model. Invisible decay of Z is strongly constrained from observable data. The upper limit of invisible Z decay width is [39] :
One may find the details about this constraint applied to our case in Appendix C.
Possible multipartite DM scenarios
We have four electromagnetic charge neutral particles in the model: N 0 , χ 1 , χ 2 and S. Given the same charge of N 0 and χ 1 under Z 2 × Z 2 , they mix and the lighter eigenstate N 1 (with m N 1 < m N 2 ) can not decay to SM, while N 2 decays to N 1 . Then, we are left with three possible DM candidates, i.e. N 1 , χ 2 and S. However, the absolute stability will be dictated by other Yukawa coupling present in dark sector Y 2 χ 1 χ 2 S → Y 2 N 1 χ 2 S (as in Eqn. 2.12). Evidently, if one of the physical states is heavier than the other two, then it can decay to the other two lighter particles and become unstable. As a result, the two lighter physical states will be the viable DM candidates. Therefore, depending on the mass hierarchy, the model offers four different types of multipartite DM scenarios as illustrated in Fig. 2 .
• Type-I : m χ 2 > m N 1 + m S : N 1 and S are the stable DM components.
• Type-II: m S > m N 1 + m χ 2 : N 1 and χ 2 are stable DM components.
• Type-III: m N 1 > m S + m χ 2 : S and χ 2 are stable DM components.
• Type-IV:
, then all three particles N 1 , χ 2 and S are stable and will yield a three-component DM scenario.
In this paper, we focus mostly on Type-I scenario (Green region in Fig. 2 ). This gives us an opportunity to compare with the single component cases of the corresponding DM components (N 1 and S), which are very well studied, and indicate the effects of DM-DM conversion employed in this set-up. 3 Review of single component DM frameworks with N 1 and S Before we discuss the two component DM set up (of Type-I) as advocated above, we need to know the fate of the individual DMs in single component frameworks. We review relic density and direct search allowed parameter space for both vectorlike fermion DM (N 1 ) and singlet scalar DM (S) in the next two consecutive subsections.
Single component fermion DM (N 1 )
The presence of vector-like fermion singlet (χ 1 ) and a doublet (N ) can give rise to a fermion DM [33] , where both transform under a Z 2 symmetry. The relevant Lagrangian is still given by L V F as in Eq. 2.2. As described above, the singlet and the neutral component of the doublet mix after EWSB, and the lightest component of the neutral physical states N 1 becomes a stable single component DM. We note here that the freeze-out abundance of N 1 DM is controlled by the annihilation and co-annihilation channels as detailed in Appendix A (Fig. 23, 24 and 25) . Therefore, the important parameters which decide the relic abundance of N 1 are {m N 1 , ∆m, sin θ}.
Due to singlet-doublet mixing, the DM in direct search experiments can scatter off the target nucleus via both Z and Higgs mediated processes (shown in top pannel of Fig. 9 ).
The relic density and direct search allowed parameter space for N 1 DM is shown in Fig. 3 . This is shown in m N 1 − ∆m plane for small values of sin θ. It has already been noted [33] that due to Z mediation, sin θ is limited to very small values < ∼ 0.1 by the non-observation of DM in direct search experiments. We therefore choose only such small mixing regions for illustration in Fig. 3 . Essentially, the whole relic density allowed plane is also allowed by direct search constraints (XENON1T [10] , XENON nT [11] as shown in the Fig. 3 ). The under and over abundant regions are also indicated, which will be more useful for discussing the two component framework. The important message from this graph is that for small sin θ, ∆m has to be small ( < ∼ 12 GeV) to satisfy relic density, except for those low DM mass resonance regions (∼ m Z /2, m h /2). For under abundance, the DM has to obtain even higher annihilation cross-section. For small sin θ to satisfy direct search, the only way to probe under abundant regions is to have even smaller ∆m to enhance coannihilation effects. Therefore, when we embed the fermion DM in a non-interacting two component DM framework, the under abundant regions (as indicated in Fig. 3 ) are going to be allowed. However, the situation alters in presence of an interacting two-component framework as we will demonstrate in Section 4.
Single component scalar DM (S)
The Lagrangian L Scalar in Eqn. 2.3, describes the case of single component scalar DM S. The relevant parameters describing the scalar DM interaction with SM is given by
The annihilation process which controls the freeze-out of S are shown in Fig. 4 .
The relic density allowed parameter space for the scalar DM is well studied [19, 20, 31, 32, 36] and is summarised in Fig. 5 , in terms of DM mass (m S ) and Higgs portal coupling (λ SH ). Direct search sensitivities of LUX [9] and XENON 1T [10] from null detection are also shown in the same graph for S which only has a t-channel Higgs mediation with Relic density allowed (Ω S h 2 = Ω DM h 2 ) (red region) parameter space for scalar DM (S) is shown in m S − λ SH plane. LUX [9] (black dashed) and XENON 1T [10] (blue dashed) exclusion limits are also shown. The region 'above' the red patch (in yellow) corresponds to under abundance (Ω S h 2 < Ω DM h 2 ) and the one below corresponds to over abundance (Ω S h 2 > Ω DM h 2 ). Exclusion limit from Invisible Higgs decays is shown by grey region.
nucleus (shown in bottom pannel of Fig. 9 ). This essentially shows that if S contributes to the full DM relic density, it lives either in resonance region (m S ∼ m h /2) or in high DM mass regions (m S > ∼ 900 GeV) to satisfy null observations from direct search experiments. Under abundance for S can only be achieved with larger annihilation cross-section, that can only occur with larger Higgs portal coupling (λ SH ) and that is even more constrained from direct search data. If the scalar DM is embedded in an non-interacting multi-component DM framework, it is further restricted by direct search, discarding m S upto TeV or more. We will show in Section 4, that the situation alters in presence of an additional DM component, with which the scalar DM has non-negligible interactions. We also point out that the presence of a heavy scalar S H (also a SM singlet) having same Z 2 charge as of S, can change the conclusion significantly allowing a larger parameter space through co-annihilation (in Section 5). DM-DM conversion diagrams will dominantly help the heavier DM component to annihilate into the lighter one and therefore contribute to its thermal freeze-out and relic density. Apart from DM masses and mediator mass (m χ 2 ), the DM-DM conversion is a function of the following couplings
However, the Higgs portal couplings Y 1 (as a function of ∆m and sin θ, see in Eqn. 2.9) and λ SH are strongly constrained from direct detection bound (already discussed in section 3). Therefore, DM-DM interaction through Higgs mediation will be negligible in relic density and direct search allowed parameter space of the two component model and can be identified with Y 2 = 0 situation. We will show that in such a case, the two DMs are almost decoupled and behave like single component cases to occupy the under abundant regions of their corresponding DM parameter space. Here lies the importance of assuming the presence of a heavy mediator χ 2 in this model to carry out DM-DM interactions through Yukawa coupling Y 2 .
Boltzmann Equations and approximate analytical solutions
The thermal freeze-out of two component DM framework is described by a coupled Boltzmann equations (BEQs) and can be written as a function of reduced x, where x = µ/T , with [19, 24, 40] . The one here reads:
where the subscripts i, j = 1, 2 describes the fermion DM and the heavy neutral fermion component of the model respectively. In the above equations, we note that the annihilation contribution of N i to S or otherwise depending on the mass hierarchy is included. The equilibrium distributions now recast in terms of µ takes the form:
The relic density allowed parameter space of the two-component framework is then given by the solution of the above Boltzmann equations, that determine the freeze-out of the individual components depending on annihilations plus co-annihilations and DM-DM interactions. Obviously, total DM relic density for the two component case will be the sum of individual relic density as:
which should satisfy PLANCK data 0.1133 ≤ Ω T h 2 (= Ω DM h 2 ) ≤ 0.1189 in 3 σ limit [6] . Individual relic density in interacting multipartite DM case can be found out by numerical solution to the coupled Boltzmann equations or approximate analytical solution of coupled BEQ [19] and that of the i-th DM candidate is given by:
where σv T i is the total effective annihilation cross-section and x i f corresponds to freeze-out temperature of the ith DM component. Note however, for the ease of the analysis, we are not using the approximate solution here; relic density and direct search cross-sections for both the DM components are obtained numerically by inserting the model in MicrOmegas package [41] .
If fermion DM is heavier than scalar DM (m N 1 > m S ), then heavier DM component (N 1 ) can annihilate to lighter component (S) following processes as in Fig. 6 . Such DM-DM conversion affects the freeze out of heavier DM component and hence its relic density [19] . The lighter DM candidate on the other hand, have no new channel to deplete its number density and behave almost like single component DM. Then σv
for fermionic DM assuming m N 1 > m S will be given by:
where σv
is the annihilation plus co-annihilation cross-section of fermion DM to SM given by Eq. A.1. The last term in the above equation represents co-annihilation to scalar DM component and is therefore aided by the Boltzmann factor along with a symmetry factor of 2 (assuming m N 1 m N 2 ). In this limit of m N 1 > m S , the annihilation crosssection for scalar DM (S) only captures the annihilations to SM as in a single component framework:
Evidently, for the opposite hierarchy, m S > m N 1 :
We would like to again remind here that the parameter space scan performed in the subsequent analysis does not use above approximate solutions to the coupled BEQs. However, the relic density of the individual DM components depend very much on this basic idea of DM-DM conversion advocated above.
Relic density and direct search outcome
We first study the variation of individual relic densities with corresponding DM masses as shown in Fig. 7 ). In such a case, relic density for N 1 decreases with larger Y 2 , while it remains unaltered for S. This follows from the analytic solution of the effective annihilation cross sections as mentioned in Eqs. 4.5, 4.6, 4.7 showing the importance of DM-DM conversion. In this plot we have kept other parameters fixed as mentioned in the plot, particularly with a moderate value of the mediator mass fixed at m χ 2 = 500 GeV.
The sensitivity of individual relic densities to DM-DM conversion as a function of mediator mass (m χ 2 ) is shown in Fig. 8 . Evidently, we demonstrate it for the heavier component (N 1 on the left and S on the right) with different choices of mediator masses: m χ 2 : 500 (red), 1000 (green) and 2000 (blue) GeV, keeping Y 2 = 1.0 and λ SH = 0.1 fixed. In the same Fig. 8 , we have also demonstrated the case of Y 2 = 0 (purple dotted line), when χ 2 does not take part in the DM-DM conversions. It is evident that with large m χ 2 , DM-DM conversion becomes feeble and closely resembles Y 2 = 0 (purple dotted line) case. Therefore, large Yukawa Y 2 can play an important role in relic density, but with not-soheavy mediator mass (m χ 2 ). The lighter DM component is again mostly unaffected by DM-DM conversion as has already been discussed. One important point to note is the difference between Y 2 = 1.0 and λ SH = 0.1 chosen for illustration. This is because Y 2 remains unconstrained (excepting for large perturbative limit ≤ √ 4π), while λ SH is highly restricted by direct search (recall Fig. 5 ). We can also see that m χ 2 = 2 TeV closely mimic Y 2 = 0 case for fermion DM, while it does not completely do so for Ω S . This is because of very small annihilation cross-section of the scalar DM to SM compared to DM-DM conversion due to the choice of small λ SH .
Let us now turn to direct search constraints of this two component DM set up. Feynman graphs for direct search contribution of the DM components are shown in Fig. 9 . Fermion DM (N 1 ) has both Z and Higgs mediated interaction, while the scalar (S) interacts only through Higgs mediation. Direct search cross-sections for individual components are well known; however in two-component set up, the direct search cross-section for each component is folded by their fraction of relic density as 2 :
The actual limit from direct search on multipartite DM scenarios need to account for mass sensitivity on the nuclear recoil, the details can be found here [19, 24] . Let us now turn to relic density (0.1133 ≤ Ω T h 2 ≤ 0.1189) and SI direct search allowed parameter space of this two component model. We will first study the case for negligible DM-DM interactions with Y 2 = 0. The results are summarised in Fig. 10 . We show the relic density allowed parameter space in upper panel, in the left for N 1 and in the right for S. With Y 2 = 0, the two DM-components behave as if they are decoupled and the allowed parameter space only opens up in the under-abundant regions of those individual DMs (compare the single component cases as demonstrated before in Fig. 3 and Fig. 5 ). Different colour codes indicate the percentage of the individual DM density as indicated in the figure inset. It is understood that given a certain percentage of one DM, rest of DM relic density is composed of the other component. So any combination is essentially possible by relic density constraint. In the bottom panel of Fig. 10 , we show the allowed parameter space after direct search constraints from PANDA where both DMs simaltaneously satisfy direct seach bound from PANDA [12] . Note here that there are no parameter space where effective DD cross-section (in Eqs. 4.8, 4.9) of both N 1 and S DM simaltaneously goes beyond recent XENON-1T limit [11] . For fermion DM, direct search allowed parameter space spans the whole of under-abundant parameter space as it doesn't constrain the small ∆m region further with small singlet-doublet mixing sin θ ≤ 0.05, as we have chosen for the scan. We have already explained that for fermion DM, direct search crucially controls sin θ only, which is well below the required cut-off. On the other hand, scalar DM is severely constrained by direct search constraint in m S − λ SH plane, which leaves Higgs resonance (not shown in the plot) and heavy Scalar DM mass region (m S ≥ 900 GeV) only. In the heavy scalar mass region, the relic density is > ∼ 80%, therefore allowing only a tiny fraction of fermion DM. The whole analysis at Y 2 = 0 also shows that the presence of s-channel Higgs mediated DM-DM interactions to be very feeble to alter the freeze-out of any of the DM component as mentioned earlier. . This is exactly the other way round, when we choose m S < m N 1 ; the whole m N 1 − ∆m plane becomes allowed (orange points in top left plot) and S has the fate of single component DM filling the under abundance region (orange points in top right plot). This is possible because of DM-DM conversion that we introduced in this model through the heavy mediator χ 2 with Y 2 Yukawa interaction. With m N 1 > m S , the effective annihilation required for fermion DM to acquire required relic density (Ω N 1 h 2 < Ω DM h 2 ) in small sin θ region no longer depends on small ∆m through co-annihilation because of additional annihilation channel to scalar DM. We will focus on this particular case for collider signatures of this model at the LHC. In the bottom panel of Fig. 11 , we show the effective SI direct search cross-section for both DM components at relic density allowed points (Ω i h 2 < Ω DM h 2 ) for both the mass hierarchies. The limits from LUX [9] , PANDA [12] , XENON 1T [10] and XENON nT [11] are shown. The plots in the bottom panel point out to a larger available parameter space for the heavier DM component. This is simply due to freeze-out of the heavier component being governed by DM-DM conversion, not affecting direct search significantly. The scans in Fig. 11 are limited to DM mass within < ∼ 500 GeV as it has been done for a mediator mass m χ 2 = 500 GeV to satisfy m N 1 + m S < m χ 2 . The outcome of relic density and direct search (XENON 1T limits [10] from the bottom panel of Fig. 11 ) constraints put together yield Fig. 12 . The constraints on fermion DM in m N 1 − ∆m plane (left) is obviously less restrictive as we choose small sin θ < ∼ 0.05 for the scan, thus allowing the whole parameter space with upto ∆m > ∼ 500 or more for m N 1 > m S (orange points in left plot) thanks to conversion to the scalar DM. This feature serves as the most interesting phenomenological outcome of this model, as we discuss in collider section. For m N 1 > m S , the scalar DM however is allowed only in the resonance region (m S ∼ m h /2) as can be seen by orange points in the right plot. This is already expected as direct search tames down the relic density allowed scalar DM parameter space absent DM-DM conversion. For the reverse hierarchy m N 1 < m S (blue points), fermion DM is allowed only in the under-abundant regions of its single component manifestation, whereas it allows a larger mass range of scalar DM, thanks again to the possible DM-DM conversion with a lighter N 1 . Invisible Higgs branching ratio Br(h → inv) < 0.24 [39] , puts a significant constraint for the scalar DM with m S < m h /2. But for fermion DM, this doesn't discard any parameter space given the small values of sin θ chosen for the scan. A possible mass correlation of these two DM components is studied next and depicted in Fig. 13 in m N 1 − m S plane for satisfying relic density and direct search constraints. On the left panel, we show that the whole triangle designated by the kinematic limit m N 1 + m S < m χ 2 , with m χ 2 = 500 GeV chosen for the scan is allowed by relic density constraint. However direct search (XENON1T data [10] ) restricts it significantly for m N 1 > m S , allowing only scalar DM to lie in resonance m h /2, while it is not that restrictive for the other hierarchy m N 1 < m S , as shown by the spread of blue points filling almost entirely the upper part of the triangle. The thick black line depicting m N 1 = m S separates these two heirarchies. The plot on the right panel shows the allowed points in m N 1 − m S plane to satisfy relic density for different ranges of ∆m. It shows that small 1 ≤ ∆m ≤ 12 GeV is allowed throughout the parameter space while large ∆m is restricted to m N 1 > m S as we already discussed. For m N 1 < m S , one can have larger ∆m allowed only in the resonance region m N 1 ∼ m h /2 and ∼ m Z /2 .
Another important question is to know the percentage of fermion or scalar DM com- is shown by different colour codes mentioned in the figure inset. All the points also additionally satisfy direct search constraint from XENON1T data [10] . The bottom line is that for m N 1 > m S , the larger share of DM density is carried by fermion DM with ∆m 12 GeV as it becomes enough to bring the annihilation in the right ballpark through conversion to the scalar DM component (with small sin θ), while the scalar DM anyway has a large annihilation cross section (and therefore smaller relic density) as it requires to be in the Higgs resonance region (m S ∼ m h /2) to address direct search bound. For the other hierarchy m N 1 < m S , under abundant regions of the single component fermion DM is filled up with different percentage as the scalar DM has the freedom to adjust its relic density through its annihilation to SM plus fermion DM.
So far we have discussed the allowed DM parameters space for the model with a moderate choice of mediator mass, m χ 2 = 500 GeV. Now we choose a higher value of χ 2 mass, m χ 2 = 1000 GeV to depict relic density allowed limit in m N 1 −∆m plane (left) and m S −λ SH plane (right) of Fig. 15 . Allowed parameter space in m N 1 − ∆m plane becomes more restrictive (∆m spanning roughly upto ∼ 50 GeV compared to 500 GeV with m χ 2 = 500 GeV) even with m N 1 > m S due to suppressed t-channel DM-DM conversion N i N j → SS due to the heavy mediator (m χ 2 ). Comparatively, larger parameter space is available for scalar DM S as shown in right panel of Fig. 15 in m S − λ SH plane. This is possible as Table 2 : Some benchmark points allowed by relic density, direct search and invisible Higgs decay width limit for mediator mass, m χ 2 = 500 GeV. DM masses, couplings, relic density of individual components and effective SI direct search cross-sections are mentioned. All the masses are in GeVs. We mainly focus on m N 1 > m S excepting for BPA1.
SS → N i N j with (Y 2 = 0.0) still dominate over scalar DM annihilation to SM (controlled by portal coupling λ SH ) even with a heavy mediator mass. This feature has already been pointed out while discussing the outcome of DM-DM conversion cross-sections in Fig. 8 .
Finally, to summarise the main outcome of the DM analysis is to see that heavier DM component enjoys annihilation to lighter DM for thermal freeze out, relaxing its interaction to visible sector and thus reducing the constraints from direct search cross-sections. Specifically for the two-component case, when scalar DM is heavier than the fermion DM, the Higgs portal coupling can be reduced significantly allowing the scalar DM to be allowed through the entire DM mass plane. On the other hand, when the fermion DM is heavier than the scalar DM, it relaxes the mass difference with the charge companion, allowing larger ∆m. No relaxation is possible however for sin θ as larger values of mixing is still discarded by Z mediated direct search. The relaxation of ∆m plays a crucial role in achieving collider signatures of fermion DM as we illustrate next. We choose a set of benchmark points allowed by relic density and direct search in Table 2 for performing collider analysis, where above features are apparent.
Two Component DM in presence of additional heavy scalar
In the two component DM set up, lighter DM component behaves almost as a single component candidate, due to the absence of additional channels for annihilation, thus occupying only under abundant regions accessible from relic density. For m N 1 > m S , a large mass splitting ∆m can be achieved for a moderated value of mediation mass m χ 2 ∼ 500 GeV. But at the same time, the scalar DM can only be accommodated at the resonance region, Fig. 12 and Table 2 ). This is predictive and restrictive at the same time. This situation however alters significantly if the scalar sector is enlarged with a heavy real scalar S H which has same charge like S under Z 2 × Z 2 as:
We briefly discuss such a possibility here. The relevant interacting scalar potential is given by:
where m S H is the heavy scalar mass and λ CH is additional (co-annihilation type)
Higgs portal coupling. Due to the presence of this interaction, λ CH H † H SS H , a new co-annihilation channel, S S H → SM SM opens up. S H having same charge as of S, is not stable and therefore is not a DM. But the possibility of co-annihilation provides additional channel for scalar DM to freeze out, while it does not contribute to direct search. This is similar to the co-annihilation processes already present in the fermion DM sector. With this, even for m N 1 > m S , the scalar DM can be allowed in a large parameter space beyond resonance. Presence of this heavy scalar, also augments dark sector Yukawa interaction providing additional contribution to DM-DM conversion:
In our numerical analysis, we assume Y 2 = Y 2 for simplicity. The first outcome of this extended two component framework is to show a large parameter space available to the scalar DM through relic density and direct search bounds with the hierarchy m N 1 > m S . This is illustrated in Fig. 16 . The direct search cross-section for fermion DM in relic density allowed points is shown on the left plot, while that for the scalar is shown in the right panel. We see in the right plot that orange points now span allover the plane with a huge number below the direct search limit unlike being only available in resonance region with the previous case (compare bottom right plot of Fig. 11 ). 
S −m S plane (right) in presence of heavy scalar S H . Upper bounds on SI DM-nucleon cross-section from LUX [9] (black solid line), recent PANDA [12] (black dashed), XENON 1T [10] (purple solid line) and predicted XENON nT [11] (purple dotted line) are also indicated in the figures. We have chosen the mass hierarchy: m N 1 > m S and the mediator mass m χ 2 = 500 GeV. A mass correlation for two DM components is shown in Fig. 17 and compared between the original framework (left) to that in presence of an additional heavy scalar (right). We show that with m N 1 > m S , presence of co-annihilation in the scalar sector allows the scalar DM to be present in a larger parameter space after satisfying direct search constraints (plot on the right panel).
Finally, we compare relic density and direct search (XENON 1T [10] ) allowed parameter space of the two component model in presence of S H (green points) to that in absence of S H (orange points) for both fermion DM and scalar DM components in Fig.18 . As expected, we see that for fermion DM, in m N 1 − ∆m plane (on left panel), there is no difference between these two cases, while for the scalar DM S, the presence of the heavy scalar S H allows almost all of the plotted parameter space (green points on the right panel) due to coannihilation. A few benchmark points are indicated in Table 3 to show the effect of relaxing the case for scalar DM in presence of S H for m N 1 > m S . They should be contrasted with those in Table 2 . Table 3 : Benchmark points allowed by relic density, direct search and invisible Higgs decay limit in presence of a heavy scalar S H . Input parameters (masses and couplings), relic densities of individual components and direct search cross-sections are mentioned. All the masses are in GeVs.
Collider searches at LHC
Collider signature of this model includes searches for scalar and fermion DM. The scalar DM sector doesn't give any novel signature being comprised only of a singlet. Only possible signature can be the production of S through Higgs portal coupling associated with initial state radiation (ISR), yielding mono jet/mono-X signal (higher jet multiplicity can occur suppressed by further jet radiation) plus missing energy [42] . Given the limit on the Higgs portal coupling (λ SH ) and DM mass set by the relic density and direct search bound of the model, even in the two component set up, the signal cross-section is very weak to probe anything at near future run of LHC given a huge SM background for such final states 3 . On the other hand, fermion DM consisting of an admixture of vector-like singlet and doublet leptons, has better prospect of getting unravelled at LHC. This is of particular interest due to the possibility of producing the charged companions of fermion doublet (N + N − ) at LHC. They eventually decay to DM with off/on-shell W mediation to leptonic final states to yield opposite sign dilepton plus missing energy as pointed out in the left side of Fig. 19 . Therefore our interest lies in :
where includes electrons and muons 4 . However, the detectability of such a signal depends on the effective reduction of corresponding SM background contribution. We will discuss below how the presence of a second (lighter) DM component as considered in this model framework, enhance the possibility of detecting such signals at LHC. Similar signal events appear for different other models, see for example [43, 44] . Signal strength is mainly dictated by the production cross-section for pp → N + N − at LHC. This cross-section is essentially a function of m N ± and is independent of mixing angle sin θ. Therefore, one can recast the cross-section as a function of ∆m for a fixed DM mass (Given m N ± = m N + ∆m). This is shown in the right panel of Fig. 19 for some different fixed DM masses (mentioned in the figure inset) with centre-of-mass-energy √ s = 14 TeV.
Essentially, this is to show that production cross-section is a falling function of charged fermion masses, but, as ∆m plays a crucial role in further decay of the produced charged fermions, we have chosen such parametrisation. We already elaborated that even in the two component set up, direct search crucially tames sin θ ≤ 0.1, it is important to choose a process which is not suppressed by small mixing angle. Therefore, this is the only process of interest. However, also note that, we do not consider the production of heavy neutral fermion N 2 in this analysis (although some of the processes like N ± N 2 are not suppressed by small sin θ), which decays through neutral current (Z mediation) interaction to DM N 1 with 100 percent branching ratio. But such signals will be completely washed out by the invariant mass-cut of the leptons not to lie within Z-mass window, that we must apply to suppress SM background (as explained shortly). There are two kinematic constraints that we obey for characteristic collider signal that we discuss here:
Even though the presence of a heavy scalar SH adds to the freedom of choosing a larger span of scalar DM mass, the strength of the cross-section still is determined by the small λSH . 4 Tau detection is harder due to hadronic decay modes. Table 2 and all in Table 3 , follow the characteristics mentioned above. We will analyse signal strength for some such benchmark points. Although, we use benchmark points from Table 2 here, they can also be thought as similar points (with same ∆m) from Table 3 , where we have further relaxation on scalar DM mass (which do not play a role in the collider signature for fermion DM). Before getting into the collider analysis, let us briefly explain the experimental environment of LHC, which mainly involves identification of leptons, jets and unclustered objects. Some important variables are also used in the analysis such as missing energy, invariant mass of the dilepton in the final state and scalar sum of the transverse momentum of all the visible objects in the final state. They are identified as follows:
• Lepton (l = e, µ): Leptons are identified with a minimum transverse momentum p T > 20 GeV and pseudorapidity |η| < 2.5. Although the present sensitivity of the detector allows further soft leptons to be identified, we find that such a p T cut also helps to tame SM background. Leptons require to be isolated if their mutual distance in the η − φ plane is ∆R = (∆η) 2 + (∆φ) 2 ≥ 0.2, while the separation with a jet requires ∆R ≥ 0.4.
• Jets (j): Jets are formed for simulated signal and background events using cone algorithm PYCELL inbuilt in Pythia event generator. All the partons within ∆R = 0.4 from the jet initiator cell are included to form the jets. We require p T > 20 GeV for a clustered object to be identified as jets in hadron calorimeter (HCAL). Jets are isolated from unclustered objects with ∆R > 0.4. Note here, that although jets are not present in the final state, we require a specific jet identification criteria to demand the final state has zero jets.
• Unclustered Objects: All the final state objects which are neither clustered to form jets, nor identified as leptons, belong to this category. Hence all particles with 0.5 < p T < 20 GeV and |η| < 5, are considered as unclustered.
• Missing Energy ( / E T ): The transverse momentum of all the missing particles (those are not registered in the detector) can be estimated form the momentum imbalance in the transverse direction associated to the visible particles. Thus missing energy (MET) is defined as:
where the sum runs over all visible objects that include the leptons and jets, and the unclustered components.
• Transverse Mass (H T ): Transverse mass of an event is identified with the scalar sum of the transverse momentum of detectable objects in an event, namely lepton and jets as follows:
• Invariant mass (m ): Invariant mass of opposite sign dilepton is an important variable to segregate SM background from the signal, as it hints to the parent particle mass from which the leptons have been produced. This is defined as: Table 4 : Signal events for few selected benchmark points (BPA2-BPA7, see Table 2 ) with √ s = 14 TeV at the LHC for the luminosity L = 100 f b −1 after / E T , H T and m cuts.
We inserted the model in Feynrules [45] and passed to Madgraph [46] to generate signal events, which were further analysed in Pythia [47] to reconstruct leptons, jets and other variables discussed above. The dominant SM backgrounds have been generated in Madgraph [46] and then showered through Pythia [47] . We have identified dominant SM backgrounds for hadronically quiet opposite sign dilepton events as the production of: tt, W + W − , W ± Z, ZZ, W + W − Z and Drell − Y an. We have also used appropriate K-factors to incorporate the Next-to-Leading order (NLO) cross section for the backgrounds. The K-factors chosen are as [48] for tt : K = 1.47, W W : K = 1.38, W Z : K = 1.61, ZZj : K = 1.33, Drell-Y an : K = 1.2. We have used CTEQ 6L [49] parton distribution function and subprocess centre-of-mass-energy ( √ŝ ) as jet energy scale for the analysis. We have chosen different values of ∆m corresponding to different benchmark points as indicated in Table 2 . > 100 < 0.50
0.14 14 >300
0.07 7 Z Z 14.03 × 10 3 >200 > 100 < 0.07 Most important outcome of this analysis is summarised in Fig. 20 , where the distribution of the signal events with respect to / E T , m and H T are shown in top left, top right and bottom panel. We have chosen different ∆m (from the benchmark points as in Table  2 ) upto as large as ∼500 GeV allowed by relic density and direct search for illustration. In top left figure, we see that with larger ∆m, missing energy distribution becomes flatter and the peak shifts to a higher value. When this is contrasted with the same distributions from those of SM background contributions as pointed out in Fig. 21 , we see that the separation of signal events from those of the background becomes easier at high ∆m. Therefore, for signal events with large ∆m can survive a large / E T cut while reducing the SM background significantly. This should be contrasted with low ∆m (∼ 50 GeV, BPA2 case), where the peak of missing energy falls within the same ballpark as those of SM backgrounds and therefore can not be separated. Therefore even if the signal cross-section is higher for such cases (as in the single component fermion DM case), the events are submerged into SM background. This feature is not very difficult to understand. With ∆m < m W , the W decay is off-shell and N ± momenta is shared amongst all the final state particles yielding a missing energy peak at lower value. For ∆m > m W , W is produced on-shell and dominant momenta is carried by the dark matter (N 1 ) as m N 1 > m W . The higher the ∆m is, the higher is the available momenta for DM. This therefore yields missing energy peak at larger values with larger mass splitting ∆m. We also note that such distinction is also possible with H T distribution. Again, the larger the ∆m, the larger will be the available momenta for the leptons as well. Therefore, large H T cut can also reduce SM background retaining signals particularly for benchmark points with higher ∆m. On the other hand, invariant mass cut can effectively reduce SM background events coming from ZZ and W Z background, when a cut is applied within the Z mass window where the peak of the distribution lies. Therefore, to eliminate SM background from the signal event, we further employ the following cuts:
• m < |m z − 15| and m > |m z + 15|,
• H T > 100, 200, 300 GeV,
• / E T > 100, 200, 300 GeV.
Signal events with ∆m = {50, 101, 193, 295, 377, 541} GeV corresponding to benchmark points BPA2-BPA7 as in Table 2 , are summarised in Table 4 , where the cut flow with different H T and / E T are furnished. The final state event rates (N ef f ) at a desired luminosity L is computed by: 4) where N is the simulated number of events and n is the obtained final state events corresponding to production cross-section of σ p . In Table 4 , we have quoted mostly those signal events which yields at least one event at 100 f b −1 luminosity. We see that although with larger ∆m, the production cross-sections get diminished by the phase space suppression Table 2 ) and dominant SM background events at LHC with √ s = 14 TeV .
(as already pointed out in RHS of Fig. 19 ), the shift in the peak of the distribution compensates it to ensure the survival of more number of signal events for such cases. With ∆m = 101 GeV, the combination of / E T > 200 GeV and H T > 100, leaves with a very few events to be observed. L = 100 fb −1 turns out to be rather low to see the signals from such events and we need higher luminosity. The main take however is to note that only those cases where ∆m is large, has a prospect of discovery by reducing SM background through effective cuts, while those with small ∆m as in the single component framework is almost hopeless. The signal event rates can be contrasted with the SM background events with similar cut flow at 14 TeV at LHC as detailed in Table 5 . We also note that the limitation in warranting any final state event with number of simulated points yield a limit on the effective background cross-section as indicated in the Table. We see that the dominant SM backgrounds can be tamed down significantly with a combination of / E T and H T cut. The reach of the signal significance σ = We also note here that small ∆m along with small sin θ predicts a delay in the decay of the charged fermion, yielding displaced vertex or stable charge track signature and serves as a characteristic signal for the fermion dark sector with singlet-doublet mixing, as has already been noted in ref. [34] . However, in that case, signal excess in dilepton channel can not be seen. On the contrary, with large ∆m, when excess in opposite sign dilepton events can be seen, the decay of the charged fermion is quick and therefore no displaced vertex signature can be observed. Therefore the signal of singlet-doublet fermion DM in presence of a second lighter DM component has a complementarity to that of the same DM in a single component framework as far as collider search is concerned. The presence of a heavy scalar (as illustrated in Sec. 5) doesn't of course change the fermion DM signal discussed here, but allows one to choose the scalar DM in a large mass range. of OSD events for select few benchmark points (see Table 2 ) at LHC with E CM = 14 TeV as a function of integrated luminosity. Different combinations of / E T , H T cuts are chosen in left and right panel (mentioned in inset). 3σ (black dashed) and 5σ (black thick) lines are indicated as references.
Summary
The dark sector of the universe is still a mystery to us. In this work, we have discussed a possible two component (WIMP-like) DM scenario with a vector like fermion (an admixture of a singlet and a doublet) and a scalar singlet stabilised by Z 2 × Z 2 symmetry. The proposed scenario crucially addresses the possibility of DM-DM interaction between fermion and scalar DM candidates through another heavy vectorlike fermion singlet which acts as mediator. We show that in absence of the mediator (which means the absence of t-channel heavy fermion mediated DM-DM interaction), both fermion and scalar DM components behave like two decoupled single component DMs. This is due to suppressed s-channel Higgs mediated interaction between the DM components. In such a situation, both of the sector turns out to fill up the corresponding under-abundant regions to add to the observed relic density. Although such a non interacting situation satisfy observed DM relic density, the direct search limit (XENON1T) rules-out most of the parameter space, particularly for the scalar DM to a very heavy mass > ∼ 1 TeV. For fermion DM, the necessity of coannihilation contribution limits the mass difference with the charged doublet component to a small value ( < ∼ 12 GeV). However, in presence of a heavy fermion mediated t-channel DM-DM conversion, with moderate values of mediator mass ∼ 500 GeV, the freeze out and relic density of DM components get affected significantly. The change is observed mostly in the relic density of the heavier DM component, which has the liberty of annihilating to the lighter DM, unconstrained by direct search limit; while lighter DM component behaves mostly as in single component framework. So, by allowing DM-DM conversion in the interacting picture, we open up large parameter space allowed by both relic density and direct search bounds which otherwise yields over-abundance in non-interacting cases. For fermion DM (when it is heavier than scalar DM), large ∆m regions become allowed, but scalar DM is restricted to the Higgs resonance region. In presence of a heavy scalar, which helps co-annihilating the scalar DM component, allow a larger mass range for scalar DM even when it is lighter than fermion DM. On the other hand, when scalar DM is heavier than fermion DM, DM-DM conversion allows the presence of smaller Higgs portal couplings, hiding the scalar DM from direct search to allow a larger mass range upto TeV and beyond.
The work also demonstrates the importance of DM-DM conversion in seeing signals of a dark sector at LHC in relic density and direct search allowed parameter space. In the model, fermion dark sector is composed of a doublet and a singlet. Hence, the charged companions can be produced at LHC which yields hadronically quiet oppsite sign dilepton events plus missing energy through their decays to fermion DM. However, in a single component framework, relic density and direct search constraints restrict the fermion DM to have a small mass difference with the charged companion (∆m), which makes the signal submerged into SM background. On the contrary, in presence of a lighter DM component and an effective DM-DM conversion, ∆m can be large, which can segregate the signal from SM background by a combination of large missing energy and transverse mass cuts as detailed in the analysis. The discovery limit of such a signal still might be delayed to an integrated luminosity ∼ 10 4 fb −1 . , where T f is the freeze out temperature of N 1 . Then relic density will be given by [7, 19] : Variation of relic density of fermion DM is shown as a function of DM mass, for a fixed ∆m = 10 GeV (left panel of the Fig. 26 ) and 100 GeV (right panel of the Fig. 26 ) and different choices of mixing angle,sin θ. We note that the annihilation cross-section is larger when we take larger values of sin θ, due to larger SU (2) component, resulting smaller relic density. The resonance drop at m Z /2 and at m h /2 is observed due to s-channel Z and H mediated contributions. For ∆m = 100 GeV, due to smaller co-annihilation contribution relic density increases compared to ∆m = 10 GeV case.
B Higgs Invisible Decay Constraint
When masses of DMs are smaller than the Higgs mass i.e. m DM < m h /2, then Higgs can decay to DM (invisible particles) and will contribute to invisible decay width. LHC data puts strong constraint on the invisible branching fraction of Higgs as Br(h → inv) < 0.24 [39] . This can be interpreted as follows: The decay width of Higgs to S and N 1 ) can easily be calculated as:
Invisible Higgs decay constraint from Eq. B.2 together with Eq. B.3 and Eq. B.4 is shown in Fig. 27 . In top left panel of Fig. 27 , the constraint is shown in m S − λ SH plane. Here, the green region is allowed from Higgs invisible decay while grey region excluded for a fixed sin θ = 0.01. The allowed (or excluded) region remains almost unchanged for any fermion DM mass (m N 1 < m h /2) and ∆m for the small sin θ due to negligible contribution of Γ(h → N 1 N 1 ) . In the top right panel we consider larger mixing angle, sin θ = 0.5. As the contribution the contribution of Γ(h → N 1 N 1 ) plays a important role to Γ(h → inv.). And [39] . Note here however that such large sin θ(= 0.5) is disfavoured from direct search bounds [9, 10] . In the bottom panel we have shown excluded region in m N 1 − sin θ plane keeping other parameters, m S , λ SH and ∆m fixed. Similarly here the inner region of each contour line (which corresponds to different fixed values of ∆m and scalar DM mass (m S ), depicted in the figure) is excluded from Higgs invisible decay [39] .
C Invisible Decay constraints of Z
As the fermion DM has a doublet component in it, it has Z mediated interaction. Hence, if fermion DM mass is below m Z /2, then Z can invisibly decay to dark particles. From current observation, invisible decay width of Z is strongly constrained. The upper limit of invisible Z decay width is following [39] : Invisible decay of Z mainly depend on mixing angle sin θ. Choice of small mixing angle, with sin θ < 0.1 is preferable from direct search bound in which all fermion DM mass m N 1 < m Z /2 is allowed from invisible decay width of Z [19] . We note that as the scalar DM component is a gauge singlet, it doesn't have a Z mediated interaction and therefore no constraint from invisible Z decay applies to it.
